1. Introduction {#sec1-ijms-20-02863}
===============

Obesity represents a condition of chronic excess fat mass. Several epidemiological studies have revealed an alarming increase in the number of obese individuals worldwide \[[@B1-ijms-20-02863]\]. It is important to emphasize that obesity represents a risk factor for the onset of different metabolic disorders, such as type 2 diabetes, as well as for the development of cardiovascular diseases \[[@B2-ijms-20-02863]\]. Moreover, it has been well established that the risk of many types of malignancies is increased in obese individuals \[[@B3-ijms-20-02863]\]. Recent evidence indicates, indeed, that excess adiposity is associated with about 20% of all cancers \[[@B4-ijms-20-02863]\]. For these reasons, obesity is a substantial public health challenge, representing one of the major causes of avoidable mortality and morbidity \[[@B5-ijms-20-02863]\].

Molecular mechanisms linking excessive adiposity with the development of cancer are complex and still not completely known. Multiple factors potentially contribute to this relationship. Obesity is, in fact, often related to metabolic defects that may favor not only cancer initiation, but also its progression \[[@B6-ijms-20-02863]\]. These abnormalities include: adipose tissue low-grade inflammation, which implies the production of specific inflammatory adipocytokines, oxidative stress, peripheral insulin resistance with hyperinsulinemia and dyslipidemia \[[@B7-ijms-20-02863],[@B8-ijms-20-02863]\]. In particular, growing interest has been recently placed on the role of adipose tissue-secreted molecules in the development of cancer \[[@B9-ijms-20-02863]\]. Adipose tissue, initially thought as a mere fat mass depot, is now widely recognized as an active endocrine organ \[[@B10-ijms-20-02863]\]. It secretes different types of molecules called adipokines, which are implicated in the pathogenesis of numerous types of malignancies \[[@B9-ijms-20-02863],[@B11-ijms-20-02863]\]. Among others, adiponectin (APN) has been demonstrated to have several functions in human physiology balancing glucose and lipid metabolism and revealing insulin-sensitizing, anti-apoptotic and immune regulatory effects \[[@B10-ijms-20-02863],[@B12-ijms-20-02863],[@B13-ijms-20-02863]\]. Hypoadiponectinemia has been, in fact, consistently associated with obesity-related insulin resistance and type 2 diabetes, as well as with a higher risk of various cancer types \[[@B9-ijms-20-02863],[@B14-ijms-20-02863]\], and thus this molecule has generally been considered a beneficial adipokine. Indeed, several studies have demonstrated that increasing plasma APN levels and, therefore, the activation of its intracellular signaling, are able to mitigate the deleterious effects of metabolic dysfunctions on tumor development and progression \[[@B15-ijms-20-02863]\]. Thus, the possibility of mimicking some of the cancer-protective properties of APN has attracted significant interest within the scientific community for the potential therapeutic applications of this approach. However, research on the role of APN on tumor growth has provided evidence for both positive and negative influences, raising doubts on the previously thought protective role of APN on cancer risk and progression \[[@B16-ijms-20-02863]\]. Even more unexpected were data on the role of APN on the risk of all-cause mortality. In fact, a positive, rather than negative, relationship has been reported between APN and death rates across various clinical conditions, including different types of malignancy \[[@B17-ijms-20-02863]\]. Therefore, understanding the complexity of APN's metabolism, and linking its signaling pathway to cancer development and prognosis, represent a challenging task.

In this review we will summarize the currently available data on this topic, mainly focusing on endocrine malignancies (e.g., breast, endometrial, ovarian, thyroid and prostate cancers), which seem to be deeply linked to dysfunctional APN secretion and action.

2. APN Structure and Receptors {#sec2-ijms-20-02863}
==============================

APN is encoded by AdipoQ, a gene that makes a monomeric molecule made up of 244 amino acids and consists of a signal region at the NH2-terminus, a variable region, a collagenous domain and a globular domain at the COOH-terminus ([Figure 1](#ijms-20-02863-f001){ref-type="fig"}) \[[@B18-ijms-20-02863]\].

After post-translational modifications, APN circulates in trimeric, hexameric, and multimeric high-molecular weight (HMW) isoforms. Each isoform is able to activate distinct signal transduction pathways, regulating various biological functions \[[@B10-ijms-20-02863]\]. Moreover, a globular version of APN, resulting from proteolytic cleavage of the COOH-terminal domain, circulates in small concentrations in plasma.

The different APN isoforms mediate distinct effects in various tissues and organs. For example, the HMW isoform, which is the most biologically active, is believed to mediate the pro-inflammatory effects of APN, whereas the trimeric isoform has been suggested as responsible for its anti-inflammatory activity \[[@B19-ijms-20-02863]\].

APN acts through its classical receptors, AdipoR1 and AdipoR2, which have been demonstrated to have different binding affinity for the different APN isoforms \[[@B20-ijms-20-02863]\]. There are seven trans-membrane domain receptors that activate a signaling cascade, leading to numerous metabolic and immune-related effects. AdipoR1 is expressed almost ubiquitously, whereas AdipoR2 is mostly expressed in hepatocytes and white adipose tissue \[[@B20-ijms-20-02863]\]. In addition, a non-classical APN receptor, the T-Cadherin (which acts through calcium dependent mechanisms) has been found to bind the hexameric and HMW species of APN, but not the trimeric or globular species \[[@B21-ijms-20-02863]\].

3. Adiponectin Signaling and Mechanisms of Carcinogenesis {#sec3-ijms-20-02863}
=========================================================

The role of APN in endocrine cancer risk is deeply linked to many complex dysfunctions, including an altered adipose tissue homeostasis and the activation of multiple epigenetic pathways within tumor cells and neoplastic microenvironment \[[@B22-ijms-20-02863]\]. A correlation between hypoadiponectinemia, obesity and hormonally influenced cancers has been found in several clinical studies \[[@B23-ijms-20-02863],[@B24-ijms-20-02863]\]. While the majority of evidence shows an inverse correlation between APN and endocrine malignancies, another group of studies associates increased circulating APN levels with tumor progression \[[@B25-ijms-20-02863]\]. Indeed, it has been proposed that low APN concentrations could be associated with cancers linked to an excess of fat mass and to sex steroid hormones, while higher plasma APN levels might indicate high levels of inflammation and advanced stages of malignancy \[[@B25-ijms-20-02863],[@B26-ijms-20-02863]\].

A robust amount of studies in the past two decades have suggested that APN exerts its antineoplastic effects on endocrine cancers via two main mechanisms. First, it can affect endocrine tumor growth by acting directly on cancer cells through receptor-mediated pathways. Secondly, it may indirectly influence cancer biology by modulating insulin sensitivity, inflammation and tumor angiogenesis \[[@B23-ijms-20-02863]\]. In the following section we will briefly discuss the in vitro and in vivo observations of these different mechanisms.

3.1. Direct Mechanisms: Receptor-Mediated and Paracrine {#sec3dot1-ijms-20-02863}
-------------------------------------------------------

The main direct mechanism determining APN's protective role on endocrine cancer cells is the activation of adenosine monophosphate-activated protein kinase (AMPK). This protein represents a crucial regulator of energy balance, as it is responsible for cellular adaptation to metabolically challenging states such as inflammation and oxidative stress. In such conditions, AMPK turns off anabolic and proliferative pathways, while increasing the production of adenosine triphosphate (ATP) \[[@B27-ijms-20-02863]\]. APN stimulates AMPK through an increase of AMP levels, and by means of various cellular mediators comprising the adaptor protein APPL-1, calcium-dependent kinases and the liver kinase B1 (LKB1) \[[@B28-ijms-20-02863]\]. Specifically, it has been demonstrated that LKB1 plays a fundamental role in necessitating breast cancer cells for AMPK activation, and for the consequent inhibition of tumor cell adhesion, migration and invasiveness \[[@B29-ijms-20-02863]\]. AMPK activation negatively influences cancer development by affecting some of the key mechanisms that regulate cell growth \[[@B30-ijms-20-02863]\]. In fact, it is able to induce the expression of important molecules involved in cell cycle arrest and apoptosis, such as p53 and p21 \[[@B31-ijms-20-02863]\]. This mechanism of action has been proven in many types of malignancies, especially endocrine cancers. APN treatment was in fact shown to stimulate AMPK in breast \[[@B32-ijms-20-02863],[@B33-ijms-20-02863]\], prostate \[[@B34-ijms-20-02863],[@B35-ijms-20-02863]\] and endometrial cancers \[[@B36-ijms-20-02863]\], mediating tumor growth inhibition. Down-regulation of the mammalian target of rapamycin (mTOR) signaling pathway was implicated in many of these studies \[[@B29-ijms-20-02863],[@B34-ijms-20-02863]\]. Moreover, in MDA-MB-231 breast cancer cells, APN-related AMPK pathway activation has been demonstrated to induce protein phosphatase 2A (PP2A), a tumor suppressor protein involved in Akt dephosphorylation \[[@B37-ijms-20-02863],[@B38-ijms-20-02863]\]. Additionally, some studies have shown a direct negative influence of APN on the PI3K/Akt signaling pathway, which determines a series of events leading to cell death and, therefore, to tumor growth inhibition ([Figure 2](#ijms-20-02863-f002){ref-type="fig"}) \[[@B11-ijms-20-02863]\].

APN also modulates signal transducer and activator of transcription 3 (STAT3) signaling. STAT3 is activated by adipokine-induced JAK phosphorylation and regulates various processes related to cancer development and progression \[[@B39-ijms-20-02863]\]. For example, it has been demonstrated that APN treatment is able to down-regulate leptin-induced STAT3 phosphorylation, reducing tumor cell growth \[[@B39-ijms-20-02863]\]. Furthermore, APN has been shown to regulate the cAMP/PKA pathway, modulating anti-proliferative actions leading to cell apoptosis in MCF7 breast cancer cells \[[@B32-ijms-20-02863]\].

Of note, APN influence in endocrine cancer cells may also depend on paracrine interactions between adipocytes and tumor cells, being that these cell types are in close proximity to each other \[[@B40-ijms-20-02863]\]. A typical example of this mechanism can be seen in the case of breast cancer \[[@B40-ijms-20-02863]\]. In that situation, APN determines an inhibition of aromatase activity in adipocytes, lowering estrogen production and reducing estrogen receptor alpha (ERα) stimulation in adjacent breast cancer cells. This phenomenon negatively affects pro-survival pathways \[[@B40-ijms-20-02863],[@B41-ijms-20-02863]\]. However, it is important to emphasize that the molecular links between adipose tissue and endocrine cancer cells are far more complex and not yet fully characterized. They involve, in fact, other adipocyte-secreted molecules (e.g., leptin and resistin), numerous inflammatory cytokines (e.g., TNFα, IL-6), extracellular matrix elements, pro-angiogenic factors (e.g., vascular endothelial growth factor (VEGF)), as well as metabolic regulators like insulin and insulin-like growth factor I (IGF-I) \[[@B40-ijms-20-02863],[@B42-ijms-20-02863]\].

3.2. Indirect Mechanisms: Insulin-Sensitizing, Immune-Related, Anti-Angiogenic Effects {#sec3dot2-ijms-20-02863}
--------------------------------------------------------------------------------------

Through different mechanisms, APN can exert indirect antineoplastic actions, including insulin-sensitizing, immune-related and angiogenesis-related effects, although conflicting evidence has been published \[[@B23-ijms-20-02863]\]. An indirect link between the insulin pathway, AP, and endocrine carcinogenesis has been shown in many studies. It is well documented that insulin supports tumor cell proliferation \[[@B43-ijms-20-02863],[@B44-ijms-20-02863]\]. Serum APN levels appear to be inversely related to fasting insulin concentrations, and are reduced in conditions of insulin resistance \[[@B45-ijms-20-02863]\]. Since these metabolic conditions represent risk factors for endocrine cancer development, APN might act as an anticancer agent due to its significant effect on insulin post-receptor signaling \[[@B46-ijms-20-02863]\]. Specifically, APN is a strong inhibitor of the PI3K/Akt/mTOR pathway, being able to reduce tumor cell growth induced by insulin and by other growth factors \[[@B47-ijms-20-02863]\].

Immune system deregulation represents a crucial pathophysiological factor in determining increased cancer risk \[[@B48-ijms-20-02863],[@B49-ijms-20-02863]\]. Abnormal immune response is an important constituent of obesity, and contributes to the development of obesity-related disorders such as cancer. Adipose tissue overgrowth accompanies the infiltration of various types of immune cells from both innate and adaptive immunity \[[@B50-ijms-20-02863]\]. Immune cells infiltrating tumor microenvironments and adipocytes secrete pro-inflammatory adipocytokines, providing a condition of low-grade inflammation which favors cancer initiation and progression \[[@B51-ijms-20-02863]\]. Specifically, macrophage infiltration and its phenotypic switching toward an M1 phenotype, constitute critical mechanisms related to increased tumor growth in settings of excess adiposity \[[@B52-ijms-20-02863]\]. In pathological conditions characterized by a chronic inflammatory response such as an infection, but also metabolic diseases such as obesity, type 2 diabetes and atherosclerosis, a lowering of serum APN concentrations has been observed \[[@B53-ijms-20-02863]\]. Obesity, in particular, is associated with increased pro-inflammatory markers such as IL-6, TNF-α and c-reactive protein (CRP). APN has been shown to exert immune regulatory and anti-inflammatory actions and may thus mitigate the increased risk of cancer development related to states of obesity-induced inflammation \[[@B54-ijms-20-02863]\]. Particularly, APN influences the function of myelomonocytic cells that are important regulators of innate immunity. Moreover, APN negatively affects macrophage phagocytic activity \[[@B55-ijms-20-02863]\].

One of the main mechanisms of cancer development is the recruitment of blood vessels to provide nutrients and oxygen to cancer cells \[[@B56-ijms-20-02863]\]. Inhibition of angiogenesis has been demonstrated to suppress tumor growth and may therefore represent a promising therapeutic option \[[@B57-ijms-20-02863],[@B58-ijms-20-02863]\]. Regarding the role of APN in angiogenesis and cellular proliferation, the literature appears to be contradictory. Several studies suggest, in fact, that APN has an anti-angiogenic effect both in vitro and in vivo. In particular, Brakenhielm et al. characterized the strong inhibition of angiogenesis exerted by APN \[[@B57-ijms-20-02863]\], which involves specific signaling pathways such as the mitogen-activated protein kinase (MAPK) and cAMP-PKA pathways \[[@B59-ijms-20-02863]\]. Conversely, convincing molecular data suggest that APN might have a powerful pro-angiogenic effect that could promote cancer development particularly in murine mammary tumor models \[[@B60-ijms-20-02863]\]. Further studies are needed to better define the role of APN on tumor angiogenesis.

4. Breast Cancer {#sec4-ijms-20-02863}
================

Breast cancer represents the most common malignancy in the female sex and the second most frequent tumor worldwide \[[@B61-ijms-20-02863]\]. In both premenopausal and postmenopausal patients, obesity is considered an important risk factor for the development and progression of breast cancer, lowering a patient's chances of survival \[[@B62-ijms-20-02863]\].

Several studies have investigated the role of adipocytokines in breast cancer, suggesting a pivotal role of APN in its development and recurrence \[[@B63-ijms-20-02863],[@B64-ijms-20-02863]\]. Within the mammary gland, epithelial cells included in peri-glandular adipose tissue are exposed to both circulating and locally secreted adipokines from adjacent adipocytes. As mentioned above, this paracrine interaction, in addition to the circulating effect of the hormone, may influence breast cancer development \[[@B65-ijms-20-02863],[@B66-ijms-20-02863]\].

APN demonstrated in vitro anti-proliferative and pro-apoptotic effects on breast cancer cells, suppressing cell growth and proliferation, and inhibiting the migration and invasion capabilities of cancer cells \[[@B33-ijms-20-02863],[@B67-ijms-20-02863],[@B68-ijms-20-02863],[@B69-ijms-20-02863]\]. Moreover, epidemiological studies reported a significant inverse association between APN and breast cancer risk ([Table 1](#ijms-20-02863-t001){ref-type="table"}) \[[@B70-ijms-20-02863],[@B71-ijms-20-02863],[@B72-ijms-20-02863]\]. This association appears to be stronger for postmenopausal women, although contrasting data have been sometimes published \[[@B73-ijms-20-02863]\]. Significantly lower APN levels have been shown in women with breast cancer compared to healthy controls, especially during the postmenopausal period, suggesting that APN might influence proliferation of breast cancer cells in a low estrogen environment \[[@B70-ijms-20-02863],[@B74-ijms-20-02863],[@B75-ijms-20-02863],[@B76-ijms-20-02863]\]. Conversely, other studies have indicated a stronger association in women of childbearing age \[[@B33-ijms-20-02863],[@B77-ijms-20-02863]\]. A randomized trial conducted on premenopausal women with intraepithelial neoplasia or micro-invasive breast cancer demonstrated that baseline APN levels predict new breast events. After a median of 7.2 years, a 12% reduction in the risk of developing breast cancer was reported per unit increase of APN \[[@B78-ijms-20-02863]\]. Recently, a large meta-analysis of 31 studies concluded that low serum APN concentrations might be linked to an increased risk of breast cancer in female patients regardless of age \[[@B79-ijms-20-02863]\]. An inverse association between plasma APN levels and increased tumor aggressiveness has also been shown: low APN concentrations were associated with larger tumors, higher histological grade and increased metastasis rate \[[@B70-ijms-20-02863],[@B74-ijms-20-02863],[@B80-ijms-20-02863]\]. Moreover, it has been reported that lower plasma APN concentrations represent a risk factor for progression from intraepithelial to invasive cancer, regardless of age or body mass index (BMI) \[[@B78-ijms-20-02863]\]. Another recent meta-analysis including 27 case--control studies confirmed that serum APN might be inversely associated with breast cancer, but suggested differences in ethnicity, showing higher associations in Asian than Caucasian women \[[@B81-ijms-20-02863]\]. These differences across ethnicity have not been reported in other previously published meta-analyses \[[@B73-ijms-20-02863],[@B82-ijms-20-02863]\]. Authors speculate that several factors influencing serum APN concentrations, like different lifestyle and dietary habits or fat distribution, may explain these results \[[@B81-ijms-20-02863],[@B83-ijms-20-02863]\].

The mechanisms through which APN determines its protective role against breast cancer are yet unclear, but various molecular mechanisms have been proposed \[[@B79-ijms-20-02863]\]. Specifically, it is known that low serum APN levels are associated with hyperinsulinemia, which has been demonstrated to promote the proliferation of tumor cells acting as a growth factor through insulin and IGF-I receptors \[[@B84-ijms-20-02863],[@B85-ijms-20-02863]\]. Furthermore, Brakenhielm et al. demonstrated that APN acts as a negative modulator of angiogenesis by suppressing endothelial cell proliferation \[[@B57-ijms-20-02863]\]. It also induces a signaling cascade that results in apoptosis through the activation of caspases 3, 8 and 9 \[[@B57-ijms-20-02863]\]. APN may also affect breast cancer risk by altering serum estrogen levels; it has, in fact, been demonstrated that APN levels are negatively associated with estrogen concentrations \[[@B86-ijms-20-02863]\]. While these data contribute to understanding the crucial role of APN on breast cancer pathophysiology, several studies have not confirmed these findings \[[@B75-ijms-20-02863],[@B76-ijms-20-02863],[@B77-ijms-20-02863],[@B87-ijms-20-02863]\]. According to some authors \[[@B88-ijms-20-02863]\], this discrepancy could be partially due to the presence of various APN isoforms with different molecular weights. In particular, an increased breast cancer risk has been specifically related to low levels of the HMW isoform, rather than to total APN \[[@B88-ijms-20-02863]\].

It has been also suggested that APN's effect on breast cancer growth may differ in relation to ERα expression. Most studies show that in ERα-negative breast cancer cells, APN has an anti-proliferative and pro-apoptotic effect \[[@B89-ijms-20-02863],[@B90-ijms-20-02863],[@B91-ijms-20-02863]\]. Instead, ERα positivity seems to negatively interfere with the anti-proliferative effect of APN on breast cancer cell growth \[[@B92-ijms-20-02863],[@B93-ijms-20-02863]\]. In ERα-positive cells, low APN levels favor the interaction of APPL1 (a mediator of signaling pathways of cell proliferation, apoptosis and cell survival) with AdipoR1, ERα, IGF-IR and c-Src, determining MAPK phosphorylation. This interaction promotes ERα activation at genomic levels, inducing breast cancer cell proliferation \[[@B92-ijms-20-02863]\]. In contrast, APN-induced AMPK/LKB1 pathway activation results in mTOR inhibition in ERα-negative cells, limiting breast cancer progression \[[@B94-ijms-20-02863]\]. Different genes appear to be involved in the anti-proliferative action of APN in ERα-negative breast cancer cells. They include p53, Bax, Bcl-2, c-myc and cyclin D1 \[[@B67-ijms-20-02863],[@B90-ijms-20-02863],[@B95-ijms-20-02863]\]. Therefore, APN is able to inhibit ERα-negative cell growth and progression both in vitro and in vivo.

Despite the complexity of the association between APN and breast cancer, the preponderance of evidence suggests a correlation between low serum PN concentrations and breast cancer risk ([Table 1](#ijms-20-02863-t001){ref-type="table"}). Further large case--control studies are necessary to better explain the role of APN on the different breast cancer phenotypes and among different ethnicities.

5. Endometrial Cancer {#sec5-ijms-20-02863}
=====================

Endometrial cancer is the most frequent gynecologic malignancy and the fourth most common type of cancer among women. It has a worldwide incidence of about 280,000 new cases annually \[[@B111-ijms-20-02863]\].

Obesity represents one of the most important risk factors for the onset of endometrial cancer \[[@B112-ijms-20-02863]\]. An excess of fat mass leads to reduced serum levels of sex hormone binding globulin (SHBG) and progesterone, which results in an increased amount of bioavailable testosterone and estrogen. These hormonal alterations constitute a stimulus for the proliferation of the endometrium and, therefore, for the development of endometrial cancer. It has been estimated that patients with first-degree obesity (BMI 30--35 kg/m^2^) or severe obesity (BMI \> 35 Kg/m^2^) have respectively a 2.5 times and 5 times higher risk of developing endometrial cancer than average-weight patients \[[@B113-ijms-20-02863]\]. This correlation appears to be even more critical because it has been recently reported that pre-pubertal obesity (7--13 years) is associated with the onset of this type of cancer in adult age \[[@B114-ijms-20-02863]\]. Moreover, several studies correlate a patient's weight loss with a reduction of endometrial cancer risk \[[@B16-ijms-20-02863]\].

The excess of adipose tissue may exacerbate endometrial cancer risk through several other mechanisms, including insulin resistance, excessive aromatization of adrenal androgens in the adipocytes (resulting in higher levels of endogenous estrogens), chronic inflammation and the production of several adipokines (including APN) \[[@B115-ijms-20-02863]\]. In a recent meta-analysis, low APN levels, typical of obese women, were associated with a 53% greater risk of developing endometrial cancer \[[@B99-ijms-20-02863]\]. This inverse correlation between plasma APN concentration and endometrial cancer risk is supported by most of the data published on this topic \[[@B96-ijms-20-02863],[@B100-ijms-20-02863],[@B116-ijms-20-02863],[@B117-ijms-20-02863]\]. In particular, a strong inverse association was demonstrated in peri- or post-menopausal patients, while the association for women of fertile age was not univocal \[[@B97-ijms-20-02863],[@B98-ijms-20-02863],[@B118-ijms-20-02863]\]. Furthermore, some authors have shown an inverse correlation between the circulating levels of APN and endometrial cancer staging, and women with lower APN levels, in fact, showed a more advanced endometrial cancer stage with a greater frequency \[[@B119-ijms-20-02863]\].

The mechanisms by which APN inhibits the growth of endometrial cancer cells are not yet well known. However, several hypotheses have been formulated which imply the previously mentioned activation of AMPK (resulting in cell growth suppression and apoptosis), the extracellular signal-regulated protein kinase (ERK) and Akt pathway inhibition and the reduction of Cyclin D1 expression \[[@B120-ijms-20-02863]\]. Furthermore, some authors have suggested that APN may reduce the Bcl2/Bax ratio, which causes an increase in the permeability of the mitochondrial membrane, resulting in the release of Cytochrome-C in the cell cytoplasm and, ultimately, in the activation of caspases-induced apoptosis \[[@B117-ijms-20-02863]\]. Finally, the pro-apoptotic effect mediated by the APN seems to also occur in the endothelial cells of blood vessels, which makes it act as a strong anti-angiogenic factor \[[@B121-ijms-20-02863]\].

Not only a lack of APN, but also a defect in its action seems to represent a negative prognostic factor that underlines the importance of this molecule in the prevention of the endometrial cancer \[[@B121-ijms-20-02863]\]. Several authors have in fact shown that a lower expression of AdipoR1 in endometrial cancer cells is associated with more advanced tumor stages, a higher percentage of myometrial invasion and lymph node diffusion \[[@B117-ijms-20-02863],[@B120-ijms-20-02863],[@B121-ijms-20-02863]\].

Summarizing, low circulating APN levels appear to be associated with an increased risk and worse prognosis of endometrial cancer ([Table 1](#ijms-20-02863-t001){ref-type="table"}). APN might, therefore, represent a promising tool for the prevention and early diagnosis of this type of malignancy.

6. Ovarian Cancer {#sec6-ijms-20-02863}
=================

Ovarian cancer is the neoplasm burdened by the highest rate of lethality among female genital tract malignancies, and affects mainly peri- and postmenopausal women \[[@B122-ijms-20-02863]\]. The main reason for this very high mortality rate is due to the fact that the majority of the cases of ovarian cancer are detected in advanced stages. About 80--90% of ovarian malignancies originate in cells of the ovarian epithelium, located on the surface of the gland. Other, less frequent histopathological phenotypes are stromal and germinal tumors, which develop from stromal tissue and germ cells, respectively \[[@B122-ijms-20-02863]\].

The causes of ovarian cancer are not fully understood. The most important risk factors that have been identified are: genetic predisposition and history of ovarian neoplasia, Caucasian ethnicity, nulliparity, infertility, a high-fat diet and obesity \[[@B123-ijms-20-02863]\].

Little evidence is available on the role of APN in ovarian cancer risk and progression. Some authors analyzed serum levels of APN and leptin in 52 patients with ovarian cancer, showing that both APN and leptin concentrations were significantly lower in women with ovarian cancer than in healthy individuals \[[@B101-ijms-20-02863]\]. Other authors showed that women affected by ovarian cancer with a low leptin/adiponectin ratio had statistically longer progression-free survival times (using Kaplan--Meier survival estimates) than those with a higher leptin/adiponectin ratio \[[@B124-ijms-20-02863]\]. The same trend was found in relation to the tumor responsiveness to chemotherapy, and women with a lower ratio in fact showed a better clinical response \[[@B125-ijms-20-02863]\].

Furthermore, Li et al. showed that AdipoR1 expression levels in cancerous ovarian tissues represents an independent prognostic factor of the disease, being positively associated with overall survival in patients \[[@B126-ijms-20-02863]\]. Finally, some authors showed that APN is able to repress human ovarian cancer cell growth and reverse the stimulatory effects of 17β-estradiol and IGF-1 on cell proliferation through the downregulation of their receptors \[[@B127-ijms-20-02863]\]. In conclusion, although little available evidence has suggested a protective role of APN on ovarian carcinogenesis, additional studies are necessary to elucidate its function in ovarian tumor onset and progression.

7. Thyroid Cancer {#sec7-ijms-20-02863}
=================

Thyroid cancer is the most common endocrine malignancy \[[@B61-ijms-20-02863]\]. The majority of lesions are represented by well-differentiated carcinomas, mainly papillary thyroid carcinoma and follicular carcinoma (85% and 12% of cases, respectively), while only a small part of thyroid neoplasms is represented by anaplastic carcinoma and medullary carcinoma \[[@B128-ijms-20-02863]\]. The association between increased adiposity and the risk of thyroid cancer has not been univocally established. In a large meta-analysis, increase of weight, BMI, waist or hip circumference and waist-to-hip ratio were associated with a greater risk of papillary, follicular and anaplastic thyroid cancers \[[@B129-ijms-20-02863]\]. Several hypotheses have been formulated to suggest potential mechanisms for this link, implicating factors such as inflammation, oxidative stress, hyperinsulinemia and a deregulated secretion of adipokines (mainly leptin and adiponectin) \[[@B130-ijms-20-02863]\].

In 2011, Mitsiades et al. showed that patients with any form of thyroid cancer had significantly lower levels of circulating APN compared to healthy subjects \[[@B105-ijms-20-02863]\]. These data were partially confirmed by a large, multicenter prospective study, which showed a relationship between low serum APN concentrations and the presence of thyroid cancer in female patients (but not male, probably due to the low percentage of males recruited for the study). The negative relationship with APN was, however, absent, even among women, when the time interval between blood collection and thyroid cancer diagnosis was less than six years \[[@B102-ijms-20-02863]\]. Finally, in a recent paper, no direct association between decreased levels of APN and tumor size or stages was found \[[@B103-ijms-20-02863]\].

Several in vitro studies have shown that even if thyroid cancer cells express both AdipoR1 and AdipoR2, papillary thyroid carcinoma cell lines express a significantly lower number of receptors than normal thyrocytes \[[@B105-ijms-20-02863],[@B131-ijms-20-02863]\]. Finally, when APN levels were measured in patients with medullary carcinoma, no significantly different blood concentrations were found compared to controls \[[@B104-ijms-20-02863]\]. Further studies are needed to elucidate the role of APN in thyroid cancer risk.

8. Prostate Cancer {#sec8-ijms-20-02863}
==================

Prostate cancer is the most common malignancy in males and represents the fifth leading cause of cancer death in men \[[@B61-ijms-20-02863]\]. A sedentary lifestyle, together with a high-calorie and high-fat diet, are risk factors for the development of prostate cancer. Extensive evidence has shown that the excess adipose tissue is deeply involved in the onset and progression of prostate cancer \[[@B132-ijms-20-02863],[@B133-ijms-20-02863]\]. Recent studies have highlighted the central role of APN and its receptors in prostate cancer, even if some evidence appears to be contradictory \[[@B134-ijms-20-02863]\]. Immunohistochemistry analyses have shown a decreased expression of both AdipoR1 and AdipoR2 receptor isoforms in prostate neoplastic tissues in comparison to healthy prostate tissue \[[@B135-ijms-20-02863]\]. Results of a meta-analysis indicated that concentrations of APN in prostate cancer patients were significantly lower than in controls \[[@B106-ijms-20-02863]\]. Specifically, some authors showed that reduced concentrations of APN were related to prostate cancer development and progression \[[@B110-ijms-20-02863]\]. Other authors showed that knockdown of APN leads to increased tumor proliferation and invasion, decreasing tumor suppressing genes \[[@B136-ijms-20-02863]\]. A large prospective study on plasma APN levels and prostate cancer risk and survival showed that men with higher circulating APN concentrations had a decreased risk of developing poorly differentiated cancer or metastases \[[@B108-ijms-20-02863]\]. Moreover, APN treatment has been demonstrated to increase cellular anti-oxidative protection and decrease oxidative stress in a dose-dependent manner in human prostate cancer cell lines \[[@B137-ijms-20-02863]\]. Growing evidences indicate that APN performs an anti-proliferative action in prostate cancer cells, inhibiting dihydrotestosterone-activated cell proliferation \[[@B138-ijms-20-02863]\]. The over-expression of APN in prostate cancer cell lines has been demonstrated to inhibit mTOR-mediated neoplastic cells proliferation \[[@B139-ijms-20-02863]\]. Finally, Gao et al. showed that microRNA 323 is able to stimulate VEGF-A-mediated neo-angiogenesis in prostate cancer tissues through the downregulation of APN's receptors \[[@B140-ijms-20-02863]\].

In contrast with these results, several authors have indicated that there is no significant association between APN expression and prostate malignancy \[[@B109-ijms-20-02863]\], or that there is even a significant positive correlation between APN concentrations and incidence of low or intermediate-risk prostate cancer \[[@B107-ijms-20-02863]\]. Plasma APN levels were reported detectable at higher concentrations in subjects with T3 (advanced outside) than in subjects with T2 (confined within the prostate) stage cancer. Authors have notably suggested that cachexia during the final stages of prostate cancer could be a reason for this phenomenon \[[@B25-ijms-20-02863]\]. Furthermore, some evidence has indicated that AdipoR2 expression is directly associated with prostate cancer progression and metastatization \[[@B141-ijms-20-02863],[@B142-ijms-20-02863]\].

Several genetic polymorphisms can result in a predisposition to increased prostate cancer risk. In a metanalysis of 133 published studies, AdipoQ rs2241766 and AdipoR1 rs10920531 variants were related to a higher risk of prostate neoplasia. Conversely, AdipoR1 rs2232853 variant was associated with a lower risk of developing this type of malignancy \[[@B134-ijms-20-02863]\]. Finally, three common AdipoQ polymorphisms were evaluated in a large cohort of patients with localized prostate cancer who underwent radical prostatectomy: AdipoQ rs182052 allele was associated with both a higher risk of biochemical recurrence and decreased APN levels. Stratified analyses showed that this correlation was more evident in patients with abdominal fat distribution \[[@B143-ijms-20-02863]\].

In conclusion, according to the predominance of literature showing an inverse correlation between APN and the risk of prostate neoplasia, APN deficiency might be a potential biomarker for the early detection of prostate cancer. Elevating APN levels in prostate cancer patients could be, therefore, a useful therapeutic target. Nevertheless, considering that literature data appear to be sometimes conflicting, further studies, both epidemiological and experimental, are warranted to clarify the association between APN and the development of prostate neoplasia.

9. Adiponectin Role in Endocrine Cancer Metastasis {#sec9-ijms-20-02863}
==================================================

Metastasis is an extremely complex process that represents a major issue in the management of cancer. Besides its role in cancer promotion, aberrant APN secretion has also been associated with tumor spread and metastasis \[[@B144-ijms-20-02863]\]. Regarding endocrine malignancies, APN has been demonstrated to be able to suppress many important processes related to metastatization such as adhesion, invasion and migration of breast cancer cells \[[@B29-ijms-20-02863]\]. This may occur in an LKB1-mediated manner: APN increases the expression of LKB1, determining an increased phosphorylation of AMPK. This phenomenon is of crucial importance for the modulation of two tumor suppressors, TSC2 and TSC1, and leads to a decreased phosphorylation of p70S6 kinase (S6K) and, ultimately, to reduced cancer cell migration and invasion \[[@B144-ijms-20-02863]\]. APN's protective role on endocrine cancer metastasis is also partially regulated through the AMPK/Akt pathway. It has been in fact shown that APN-activated AMPK decreases the invasiveness of MDA-MB-231 cells by inducing PP2A-mediated Akt dephosphorylation \[[@B38-ijms-20-02863]\].

APN was also demonstrated to have a suppressive effect on metastatic endometrial cancer cells \[[@B145-ijms-20-02863]\]. APN was, in fact, able to inhibit leptin-induced cancer invasion, which requires the inactivation of the JAK/STAT3 pathway and the stimulation of AMPK signaling.

Future studies on the role of APN and other adipose tissue-secreting molecules on cancer invasion and metastatization should, therefore, focus also on LKB1-mediated effects, on the signaling pathways APN uses and on the potential interactions with other adipose tissue-secreting molecules that might contribute to the spreading of tumors.

10. Future Perspectives and Therapeutic Implications {#sec10-ijms-20-02863}
====================================================

Since many studies associate endocrine cancer protection with APN-mediated signaling, drugs intended to bypass APN by directly activating its molecular pathways have been investigated in order to find potential strategies (both prophylactic and therapeutic) and counteract tumor development \[[@B146-ijms-20-02863]\]. However, efforts to engineer APN protein have often been challenging, partly due to a lack of knowledge on the peculiar actions of different APN isoforms \[[@B147-ijms-20-02863]\]. Two suggestions have been proposed to possibly take advantage of the anti-cancer properties of APN: the identification/development of APN receptor agonists, and the increase of endogenous APN concentrations \[[@B16-ijms-20-02863]\]. The first APN receptor agonist that was produced, ADP355, included several amino acids in its structure, which were able to stabilize the molecule protecting it from proteolytic enzymes. In vivo, intraperitoneal administration of 1 mg/kg/day ADP355 for 28 days in immunocompromised mice was demonstrated to suppress the development of human breast cancer xenografts by 31%, with a good safety profile \[[@B147-ijms-20-02863]\]. It was also able to modulate different signaling pathways such as AMPK, STAT3, PIK3/Akt and ERK1/2 \[[@B147-ijms-20-02863],[@B148-ijms-20-02863]\]. Using a high throughput assay, several naturally occurring APN receptor agonists were recently identified \[[@B149-ijms-20-02863]\]. These compounds, acting preferably on AdipoR1 (e.g., matairesinol, arctiin, arctigenin, gramine) or AdipoR2 (e.g., syringin, parthenolide, taxifoliol, deoxyschizandrin) were demonstrated to share important anti-cancer properties with APN, including anti-proliferative and anti-inflammatory effects \[[@B149-ijms-20-02863]\].

Furthermore, it is also conceivable to increase endogenous levels of APN. Peroxisome proliferator-activated receptor-gamma (PPARγ) ligands have been proposed as a promising tool to reach this therapeutic target. It has been demonstrated that thiazolidinediones (synthetic PPARγ ligands) are able to increase APN concentrations in a dose- and time-dependent manner \[[@B150-ijms-20-02863]\]. Even if promising data have been initially produced on the anti-cancer role of several thiazolidinediones (such as troglitazone and efatutazone), their effects on tumors remain to be clarified, given that phase 2 trials failed to show sufficient efficacy \[[@B151-ijms-20-02863],[@B152-ijms-20-02863]\]. Moreover, we must consider that modifying these receptor interactions could also result in unfavorable effects. In this regard, several possible side effects derived from chronic APN treatment (such as infertility, cardiac damage and reduced bone density) have been proposed by some authors \[[@B153-ijms-20-02863],[@B154-ijms-20-02863]\]. For these reasons, further studies are needed to elucidate the clinical relevance of such therapeutic approaches. Finally, it must be remembered that APN may also be regulated by dietary or lifestyle habits. Daily consumption of fish, omega-3 and fiber supplements \[[@B83-ijms-20-02863]\], together with aerobic exercise of moderate intensity, have in fact been demonstrated to significantly increase circulating APN concentrations \[[@B155-ijms-20-02863]\].

11. Conclusions {#sec11-ijms-20-02863}
===============

Obesity represents a major health and social problem strongly increasing the risk for various severe complications comprising endocrine cancer development. Our understanding on obesity-associated malignancies has been rapidly improving during recent years. Among other mechanisms, growing interest has been placed on the regulation of adipocyte-secreted molecules as a critical factor influencing cancer pathophysiology.

APN has been recognized as a key mediator linking obesity and endocrine-related malignancies. The multifaceted role of APN includes a series of complex biological actions on different cancer metabolic pathways and tumor microenvironments. The majority of epidemiological evidence clearly demonstrates that hypoadiponectinemia is related to an increased risk of obesity-related malignancies and poor cancer prognosis. Nevertheless, APN has sometimes shown potentially contradicting actions in endocrine-related tumorigenesis. We believe that this topic represents a promising research field, but there remain several challenges before uniquely considering APN as a treatment strategy in cancer. A more profound understanding of the pathophysiological links between the different APN isoforms and endocrine-related malignancies is therefore required in order to develop effective and safe therapies. Moreover, molecular and environmental settings under which APN acts as an anti-inflammatory or pro-inflammatory adipokine need to be further examined. Finally, the specific roles of each APN receptor and signaling pathway on the different types of endocrine cancers also remain largely unknown. Further studies are therefore needed to clarify these aspects.
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![APN's molecular structure and isoforms. Monomeric APN is able to trimerize to form low molecular weight (LMW) APN. Two trimers can then combine to form middle molecular weight (MMW) hexamers. The trimers are able to form 12- or 18-mers with high molecular weight (HMW).](ijms-20-02863-g001){#ijms-20-02863-f001}

![APN's receptor-mediated and paracrine actions on endocrine cancer cells. (**A**) APN activates adenosine monophosphate-activated protein kinase (AMPK) via an increased expression of the adaptor protein APPL-1 as well as the Ser/Thr kinase LKB1. AMPK activation affects cell growth by inducing p53, p21 and phosphatase 2A (PP2A) expression. Down-regulation of the mammalian target of rapamycin (mTOR), PI3K/Akt and Cyclin D1 signaling is also implicated in the APN-mediated growth arrest and apoptosis; (**B**) In adipocytes, APN inhibits aromatase activity, lowering estrogen production and reducing ERα-stimulation in adjacent breast cancer cells. It negatively affects pro-survival pathways.](ijms-20-02863-g002){#ijms-20-02863-f002}
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Epidemiological associations between APN and endocrine cancers according to available metanalyses or major case--control studies.

  Endocrine Cancer                                                                                                                                           APN Association to Cancer                                                                                                     Year   \# of Studies               Ref.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------- ------ --------------------------- ---------------------------
  Breast cancer                                                                                                                                              Inverse association. Low serum APN levels are associated with breast cancer in pre- and postmenopausal Asian women.           2019   27                          \[[@B81-ijms-20-02863]\]
  Inverse association. APN is a biomarker of breast cancer risk in pre- and postmenopausal women, especially among Asians.                                   2018                                                                                                                          31     \[[@B79-ijms-20-02863]\]    
  Inverse association. Low APN concentrations are associated with an increased risk of breast cancer.                                                        2014                                                                                                                          15     \[[@B71-ijms-20-02863]\]    
  Inverse association. Lower APN levels correlate with a higher risk of breast cancer in postmenopausal women.                                               2014                                                                                                                          8      \[[@B73-ijms-20-02863]\]    
  Inverse association. High APN level might decrease the risk of postmenopausal breast cancer.                                                               2013                                                                                                                          17     \[[@B82-ijms-20-02863]\]    
  Endometrial cancer                                                                                                                                         Inverse association. Low APN level increases the risk of endometrial cancer.                                                  2016   18                          \[[@B96-ijms-20-02863]\]
  Inverse association. Higher APN levels might have a protective effect against endometrial cancer in postmenopausal women.                                  2015                                                                                                                          12     \[[@B97-ijms-20-02863]\]    
  Inverse association. Higher serum APN concentrations are associated with a reduced risk of endometrial cancer, especially in postmenopausal women.         2015                                                                                                                          12     \[[@B98-ijms-20-02863]\]    
  Inverse association. Each 1 µg/mL increase of APN level is associated with a 3% reduction in endometrial cancer risk.                                      2015                                                                                                                          12     \[[@B99-ijms-20-02863]\]    
  Inverse association. Increased circulating APN and adiponectin/leptin ratio are associated with a decreased risk of endometrial cancer.                    2015                                                                                                                          13     \[[@B100-ijms-20-02863]\]   
  Ovarian cancer                                                                                                                                             Inverse association. The mean APN concentrations in patients with ovarian cancer are lower than those of the control group.   2016   1                           \[[@B101-ijms-20-02863]\]
  Thyroid cancer                                                                                                                                             Inverse association. APN is inversely associated with thyroid cancer risk among women, but not among men.                     2018   1                           \[[@B102-ijms-20-02863]\]
  No association. No direct association between decreased levels of APN and papillary thyroid carcinoma size or stage was found.                             2018                                                                                                                          1      \[[@B103-ijms-20-02863]\]   
  No association. Serum APN levels are not significantly different between patients with or without medullary thyroid carcinomas.                            2016                                                                                                                          1      \[[@B104-ijms-20-02863]\]   
  Inverse association. Circulating APN is inversely associated with thyroid cancer risk.                                                                     2011                                                                                                                          1      \[[@B105-ijms-20-02863]\]   
  Prostate cancer                                                                                                                                            Inverse association. Decreased concentration of APN is associated with a greater risk of prostate cancer.                     2015   11                          \[[@B106-ijms-20-02863]\]
  Direct association. The incidence of prostate cancer is increased in overweight men with high APN concentrations.                                          2015                                                                                                                          1      \[[@B107-ijms-20-02863]\]   
  Inverse association. Higher APN levels reduce both the risk of developing high-grade prostate cancer and a risk of dying from the cancer.                  2010                                                                                                                          1      \[[@B108-ijms-20-02863]\]   
  Direct association. Serum APN levels are higher in advanced outside (relative to organ-confined) prostate cancers.                                         2008                                                                                                                          1      \[[@B25-ijms-20-02863]\]    
  No association. APN was not of significantly associated with prostate cancer risk or high-grade disease.                                                   2006                                                                                                                          1      \[[@B109-ijms-20-02863]\]   
  Inverse association. APN levels are decreased in patients with prostate cancer and are also inversely associated with the histologic grade of the tumor.   2005                                                                                                                          1      \[[@B110-ijms-20-02863]\]   
